can actually propagate throughout the entire length of As a major component of the olfactory bulb dendritic secondary dendrites. We also present direct experimencircuit, the lateral dendrites (termed secondary dental evidence for the hypothesis that inhibitory synapses drites) radiating from an individual mitral cell extend for distributed along the secondary dendrites can dynamia long distance (1000-1500 m) and cover one third to cally regulate the extent of spike propagation, which in almost half of the bulbar circumference ( 
In the present study, we have analyzed action potenare subsequently transformed by the olfactory bulb dential propagation in the mitral cell secondary dendrites drodendritic network has become a critical question for and its interactions with dendrodendritic reciprocal synfurther understanding of odor discrimination and recogapses. The results indicate that a single action potential nition.
can actually propagate throughout the entire length of As a major component of the olfactory bulb dendritic secondary dendrites. We also present direct experimencircuit, the lateral dendrites (termed secondary dental evidence for the hypothesis that inhibitory synapses drites) radiating from an individual mitral cell extend for distributed along the secondary dendrites can dynamia long distance (1000-1500 m) and cover one third to cally regulate the extent of spike propagation, which in almost half of the bulbar circumference (Mori et al., 1983;  turn determines the spatial pattern of Ca 2ϩ influx in these Orona et al., 1984) . Along these dendrites are distributed presynaptic dendrites and thus the range and number of numerous dendrodendritic reciprocal synapses formed dendrodendritic synapses to be activated for mediating with dendritic spines of inhibitory granule cells (Sheplateral interactions with different sets of glomerular herd and Greer, 1998). The large projection field and modules. extensive reciprocal synaptic connections enable the secondary dendrites to mediate lateral inhibition beResults tween one activated glomerular module and up to several hundred out of a total of ‫0002ف‬ modules. This Action Potential Propagation in Secondary widespread lateral inhibition plays important roles in Dendrites transforming glomerular coding patterns for odor dis-
The first question we addressed is whether action potencrimination (Yokoi et be visualized in the olfactory bulb tissue slices for a long recordings in which patch-clamp seal and break-in were well established, with a series resistance less than 3-fold distance (up to 1470 m). In response to a single action potential evoked at the soma by depolarizing current of the original pipette resistance, the recorded action potentials generally had a large amplitude, no matter injection, a Ca 2ϩ transient was observed in the secondary dendrite, from the soma all the way to its distal how far the recording site was from the soma ( Figures  2A, 2B , and 2C, also see Figure 5A ). Plotting the ampliend, suggesting that the action potential was able to propagate through the full range of the dendrite (n ϭ tude of these action potentials as a function of recording distance revealed that action potential propagation in 31) ( Figure 1A , also see imaging data in all control experiments in Figures 1 and 3) . To analyze and compare secondary dendrites had little attenuation over distance (only 1.2 mV decrease per 100 m according to linear the distribution of Ca 2ϩ response in different secondary dendrites, the amplitude of ⌬F/F was sampled every 50 regression in Figure 2C , n ϭ 17). The correlation coefficient between spike amplitude and recording distance m along each dendrite, and was then normalized as a ratio to the ⌬F/F averaged for the whole dendrite. Figure had a low value (R 2 ϭ 0.066), and the slope of the line fitted in Figure 2C was not significantly different from 1B summarizes the results from ten secondary dendrites with their lengths over 1000 m. Plotting the normalized zero (p ϭ 0.32). These results provide further evidence that the secondary dendrite can support nonattenuating ⌬F/F against distance from the soma revealed an even distribution of Ca 2ϩ increase throughout these denand full-length propagation of Na ϩ action potentials. We also measured the spike propagation velocity via drites. The ratio of Ca 2ϩ response at 1000 m to that at 50 m was 0.99 Ϯ 0.20 (n ϭ 10). Increasing the slicedividing recording distance by spike peak timing difference between the soma and dendritic recording site. recording temperature from 25ЊC to 36ЊC did not affect this ratio significantly (0.94 Ϯ 0.16, n ϭ 5; p ϭ 0.61)
The somatofugal conduction velocity was 0.2 Ϯ 0.1 m/s in the secondary dendrites (n ϭ 8), which was much ( Figure 1C ). These results suggest that action potential propagation is maintained throughout the entire secslower than that in the primary dendrite (1.0 Ϯ 0.1 m/s) measured under similar conditions (Bischofberger and ondary dendrite both at room and body temperature.
To test further that the spike-evoked Ca 2ϩ transient Jonas, 1997). was due to active propagation rather than passive electrotonic spread, a puff pipette with 1-2 m tip diameter Dynamic Gating of Spike Propagation by Synaptic Inhibition was placed close to a visualized secondary dendrite, and a small amount of tetrodotoxin (TTX, 100 M) was Along the secondary dendrites, there is a widespread distribution of dendrodendritic reciprocal synapses ejected to block Na ϩ channels locally at the site of the pipette. As shown in Figure 1D , in control experiments, formed with inhibitory granule cells. The granule cell dendrite releases GABA onto the mitral cell secondary an action potential was evoked at the soma and propagated into the secondary dendrite, causing Ca 2ϩ redendrite to mediate both feedback and lateral inhibition (Shepherd and Greer, 1998). To test if a local inhibition sponse throughout the entire dendrite. Focal application of TTX completely abolished the Ca 2ϩ response in the of the secondary dendrite can gate action potential propagation, we carried out two sets of experiments. In dendritic sites distal to the puff pipette, and such an effect was reversible via TTX wash out. This local the initial set of experiments (n ϭ 5), one or two puff pipettes containing 1 mM GABA were placed at different blocking action of TTX was observed in all tested cells (n ϭ 12), with the puff pipette located as far as 800 m locations along the secondary dendrite. As shown in Figure 3Aa , in control experiments, an action potential from the soma. Thus, a fast Na ϩ action potential can propagate actively throughout the secondary dendrite. evoked at the soma invaded the secondary dendrite and caused a Ca 2ϩ response throughout the dendrite. When We next carried out patch-clamp recordings directly from the mitral cell secondary dendrites to analyze their the somatofugal action potential was evoked immediately after a local ejection of GABA through the puff action potential waveform. For a recording distance up to ‫006ف‬ m from the soma, we always observed narrow pipette (upper trace in Figure 3Ab ), the Ca 2ϩ response was abolished in the dendrite near and distal to the puff Na ϩ spikes, with no Ca 2ϩ spikes recorded with our normal pipette solution containing K ϩ -gluconate (n ϭ 25) pipette (Figure 3Aa) , suggesting that the GABA-induced inhibition was able to block action potential propaga- (Figures 2A and 2B) . The small diameter of secondary dendrites made it difficult to get high-quality recordings tion. By changing the position of GABA ejection (e.g., from Pipette I to Pipette II in Figure 3A ), the action potenfor accurate measurement of action potential amplitude. We found that the spike amplitude depended critically tial-blocking site moved correspondingly. We then tested if natural synaptic inhibition could on recording conditions. As the series resistance increased, the amplitude of recorded action potentials regulate the extent of spike propagation in a similar way. One stimulating electrode was placed in the granule cell decreased dramatically ( Figure 2B ). However, in those revealed that an action potential was able to propagate through the entire secondary dendrite at both room and body temperature. (D) Ca 2ϩ increase in the secondary dendrite was induced by somatofugal propagation of a Na ϩ action potential. In the control experiment, an action potential evoked at the soma induced a Ca 2ϩ increase all the way through the dendrite. Applying TTX locally to the middle of the dendrite abolished Ca 2ϩ increase at dendritic sites distal to the TTX pipette. This blocking effect was reversed following wash-out. The two action potentials shown in lower-left corner reveal that, despite the dramatic difference in distal Ca 2ϩ responses, similar action potentials were evoked at the soma in the control and TTX experiments. The current pulses used to evoke action potentials were 0.5 nA and 20 ms. TTX (100 M) was ejected with ten pulses of air pressure (24 psi, 100 ms) delivered at 2 Hz. response throughout the dendrite (from site 1 to 5). When the somatic spike was preceded by a local ejection of GABA from Pipette I, the Ca 2ϩ response near and distal to Pipette I (sites 4 and 5) was abolished while leaving the proximal response (sites 1-3) unaffected. When GABA ejection was switched to Pipette II, the spike-evoked Ca 2ϩ response was observed only in the dendrite proximal to Pipette II (site 1), leaving most part of the dendrite unresponsive (sites 2-5). In (b), the upper green trace was somatic membrane potential response to GABA ejection from Pipette II and a subsequent current pulse injection. The lower three traces were superimposed action potentials evoked in the control, Pipette I, and II GABA ejection. GABA was puffed with a single pulse of pressure (18 psi, 100 ms). The current pulses used to evoke the three action potentials were 0.2 nA and 20 ms. (B) Gating of spike propagation by local inhibitory synaptic input. A concentric bipolar electrode with 25 m tip diameter was placed in the granule cell layer, and an electric shock (0.08 mA, 0.2 ms) was delivered to evoke synaptic inhibition in the middle of the secondary dendrite. In control experiment shown in (a), current injection at the soma evoked an action potential, which propagated through the entire dendritic length (1220 m) and induced widespread Ca 2ϩ response (from site 1 to 7). When the somatofugal action potential was preceded by an IPSP evoked in the middle of the dendrite, Ca 2ϩ response was recorded only in the dendrite proximal to the stimulating electrode (sites 1-3), indicative of a blocking action of the IPSP on spike propagation. The two traces shown in (b) are recordings from the soma in the control and IPSP experiments, in which a current pulse of 0.5 nA and 0.8 nA was delivered, respectively. Note that the somatic action potentials were of the same amplitude in these two recordings, suggesting that the effect of the IPSP was not due to a direct suppression of the somatic action potential but rather to the blockade of propagation. Whole-cell recordings were made directly from the could be recording conditions. In their results, the recorded spike amplitudes varied dramatically even at the mitral cell secondary dendrites, and a series of depolarizing current pulses of increasing amplitude were insame distance (70-80 m). Over this short distance, the invasion of action potentials from the soma should be jected to test if the dendrodendritic reciprocal synapses could be activated by a subthreshold depolarization very reliable, owing to a strong driving current provided by the large somatic membrane. The variation in spike without the presence of action potentials. As shown in Figure 5A , at a recording site up to 416 m from the amplitude is thus more likely due to a variation in recording conditions, as exemplified in our Figure 2B . soma (upper panel), a subthreshold depolarization at any level was not able to activate the reciprocal synMost of their dendritic recordings were made around 100 m from the soma while only two were from longer apses to evoke a feedback IPSP (lower panel, red traces). The feedback IPSP was found always to be distances ‫002ف(‬ m). The small spike amplitude at these two recording sites influenced critically the angle of associated with a preceding action potential (lower panel, green traces) (n ϭ 12). These IPSPs were blocked curve fitting and thus their conclusion. However, these small amplitudes could be due to the tapering of the by GABA A receptor antagonists (40 M bicuculline methiodide, n ϭ 6; or 40 M SR-95531, n ϭ 5), indicating secondary dendrite, which increases the difficulty to get high-quality recordings at longer distances. It is not clear that they were not the spike afterhyperpolarization mediated by Ca Our results are consistent with a couple of recent studies on the apical dendrites of pyramidal cells. In the hippocampus, synaptic inhibition of the apical dendrites can attenuate the back-propagation of action potentials (Tsubokawa and Ross, 1996) . Compared with these hippocampal dendrites, the secondary dendrites in the olfactory bulb have a smaller diameter and a much longer spike-propagation distance. These features have allowed us to demonstrate more clearly that inhibitory synaptic inputs not only reduce the amplitude of dendritic spikes, but they can actually gate the propagation at different locations. Such a gating action of inhibitory synapses has also been demonstrated in a computer model of neocortical pyramidal cells (Paré et al., 1998) . As a distinctive feature of the mitral cell, the presence of dendrodendritic synaptic outputs from the secondary dendrite furnishes an unusual function to the gating of spike propagation, i.e., to regulate dynamically the spatial extent of dendrodendritic signal transmission. on the proximal secondary dendrites appear to be more involved in the process of olfactory temporal coding,
